Abstract. In order to understand the properties of Mott insulators with strong ground state orbital fluctuations, we study the zero temperature properties of the SU(4) spin-orbital model on a square lattice. Exact diagonalizations of finite clusters suggest that the ground state is disordered with a singlet-multiplet gap and possibly low-lying SU(4) singlets in the gap. An interpretation in terms of plaquette SU(4) singlets is proposed. The implications for LiNiO2 are discussed. Orbital degeneracy is a very common feature of Mott insulators. In most cases it is lifted by a cooperative JahnTeller distortion at relatively high temperature, and the low energy physics can be described by a pure spin model, with an effective Hamiltonian, hence a magnetic order, that depends on the orbital ordering [1]. In the past few years, this picture has been challenged in a number of systems, and the possibility to get a spin liquid is now well established [2][3][4]. But it seems that there are even more exotic systems that do not undergo a cooperative JahnTeller distortion in spite of the orbital degeneracy. The best example is probably LiNiO 2 , in which no orbital or magnetic order has been detected down to very low temperature [5]. The minimal model to describe this system is the SU (4) spin-orbital model defined by the Hamiltonian
Orbital degeneracy is a very common feature of Mott insulators. In most cases it is lifted by a cooperative JahnTeller distortion at relatively high temperature, and the low energy physics can be described by a pure spin model, with an effective Hamiltonian, hence a magnetic order, that depends on the orbital ordering [1] . In the past few years, this picture has been challenged in a number of systems, and the possibility to get a spin liquid is now well established [2] [3] [4] . But it seems that there are even more exotic systems that do not undergo a cooperative JahnTeller distortion in spite of the orbital degeneracy. The best example is probably LiNiO 2 , in which no orbital or magnetic order has been detected down to very low temperature [5] . The minimal model to describe this system is the SU (4) spin-orbital model defined by the Hamiltonian
on the triangular lattice. In this model, s i are spin-1/2 operators that describe the spin degrees of freedom of Ni 3+ , while τ i are pseudo-spin-1/2 operators that describe the orbital degeneracy associated to the two e g orbitals. While additional terms arising from the anisotropy in hopping integrals and the Hund's rule coupling will destroy the symmetry between spin and pseudo-spin and favour parallel alignment of the spins of a pair of neighbouring sites, the absence of ordering may be traced back to the properties of the Hamiltonian (1). As suggested by a e-mail: frederic.mila@ipt.unil.ch Li et al. [6] , the ground state is a liquid of resonant plaquette SU (4) singlets. Note that this model is not equivalent to the model of reference [4] . Although both models possess SU (4) symmetry, the low-energy physics is completely different. Hamiltonian (1) in 1-dimension (1D) has been solved by Bethe Ansatz [7, 8] , by numerical methods [9] [10] [11] [12] and field theory methods [13] , and the ground state is a spin-orbital liquid. In 2D, the proposed plaquette ground state of model (1) was mainly based on variational wavefunction or mean field theory [6] , and more work is clearly needed to put these ideas on a firm ground.
In this article, we present a detailed analysis of the lowenergy properties of the SU (4) model on the square lattice using symmetry analysis and exact diagonalizations of finite clusters. While the most relevant compound LiNiO 2 is a quasi-two-dimensional system made out of triangular planes, we shall start with the square lattice for simplicity. We will discuss possible differences between the triangular and the square lattices at the end. The choice of exact diagonalization as a numerical method was motivated by the fact that other methods that have been successfully used in the 1D case cannot be applied here. In particular, the Quantum Monte Carlo algorithm used by Frischmuth et al. [11] suffers from a severe minus sign problem in 2D lattices.
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The European Physical Journal B the Hamiltonian in sectors defined by a given set (s z , τ z , sτ z ). Besides, the first Casimir operator, the equivalent of the square of the total spin in SU (2), is given for N sites by C 1...N = (1/32)(A tot ) 2 , where the components of A tot are the fifteen generators of the SU (4) algebra and are given by 2
Since the Casimir operator of any irreducible representation (IR) can be easily calculated with the tools of group theory [14] , this operator is useful to find out to which IR a given state belongs. The values of C for various IR's, classified according to their dimensionality d, are listed in Table 1 . The Hamiltonian can also be written in terms of on site fifteen-component vectors as
This allows to rewrite the Hamiltonian of several small systems in terms of the Casimir operators of sub-systems using identities such as
In this case, all eigenvalues and degeneracies can be deduced from the possible IR's for each sub-system. As we shall see below, this allows a full diagonalization for systems with 2 and 4 sites, as well as for 8 sites with periodic boundary conditions where the the dimension of the Hilbert space is already 65 536. Let us now present the results we have obtained for several systems. Since the interpretation we will give at the end of the paper heavily relies on the properties of the 2 and 4 sites clusters, we include them here for convenience.
(i) Two sites (pair): in terms of spins and orbitals, the ground state is 6-fold degenerate (spin singlet × orbital triplet and vice versa) with energy −J. The other 10 states are degenerate with energy +J. In SU (4) language, this means that the only accessible IR's have dimension 6 and 10. So it is impossible to build an SU (4) singlet with only two sites, as already emphasized by Li et al. [6] .
(ii) Four sites (plaquette): the Hamiltonian can be rewritten as
The ground state is an SU (4) singlet with the pairs (13) and (24) in the IR of dimension 6, and its energy is −4J. It minimizes the energy per bond and is thus a very stable object. The first excited state is 50-fold degenerate with energy −2J. This corresponds to twice the adjoint IR of dimension 15 with the pairs (13) and (24) in the IR's of dimension 6 and 10 (resp. 10 and 6) and to one the IR's of dimension 20 with both (13) and (24) in the IR of dimension 10. Several pictures of the ground state, all useful for some purpose, can be given. The first one is the fermionic representation of reference [6] and corresponds to the linear combination of all possible configurations with all 4 sites different, the relative coefficients being the sign of the permutation. One can also write this wavefunction as an antisymmetric combination of spin SU (2) singlets along the horizontal bonds times orbital SU (2) singlets along the vertical bonds minus the bond exchanged state (see Fig. 1 ).
( 2 ) 3 Finally, if one considers the 4-site cluster as two coupled pairs, the ground state can be written in terms of pair ground state only. Since the ground state minimizes the energy of each bond, this means that the energy of the bonds that couple the pairs is completely recovered by lifting the degeneracy of the ground state manifold of two independent pairs. This is another way to understand why the plaquettes play such a special role. (iii) Eight sites: the eight-site cluster with periodic boundary conditions has the topology of a cube with diagonals (see Fig. 2 ). This allows one to write the Hamiltonian as
The ground state is a four-fold degenerate SU (4) singlet of energy −8J with the sets (1368) and (2457) in the IR of dimension 20 which is realized twice for 4 sites [6] and has a Casimir equal to 3/2. The first excited singlet has energy −4J and is highly degenerate. It is above the first multiplet (−6J), so that there are exactly 4 singlets below the first multiplet.
(iv) Sixteen sites: for that cluster, the only way to get the spectrum is to perform exact diagonalizations. With 4 degrees of freedom per-site, the numerical task is roughly equivalent to 32 sites for spin 1/2, and using the current facilities, this is the largest cluster we could do. To reduce the size of the Hilbert space, we used the 3 SU (4)
